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ABSTRACT 
______________________________________________________________________________ 
Patterns of scissile bond twisting have been found in crystal structures of glycoside hydrolases 
(GHs) that are complexed with substrates and inhibitors.  To estimate the increased potential 
energy in the substrates that results from this twisting, we have plotted torsion angles for the 
scissile bonds on hybrid Quantum Mechanics::Molecular Mechanics energy surfaces.  Eight such 
maps were constructed, including one for α-maltose and three for different forms of methyl α-
acarviosinide to provide energies for twisting of α-(1,4) glycosidic bonds.  Maps were also made 
for β-thiocellobiose and for three β-cellobiose conformers having different glycon ring shapes to 
model distortions of β-(1,4) glycosidic bonds.  Different GH families twist scissile glycosidic 
bonds differently, increasing their potential energies from 0.5 to 9.5 kcal/mol.  In general, the 
direction of twisting of the glycosidic bond away from the conformation of lowest intramolecular 
energy correlates with the position (syn or anti) of the proton donor with respect to the glycon’s 
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ring oxygen atom.  That correlation suggests that glycosidic bond distortion is important for the 
optimal orientation of one of the glycosidic oxygen lone pairs toward the enzyme’s proton donor.  
Keywords: 
Conformational analysis; Glycoside hydrolases; Glycosidic bonds; Intramolecular energy; 
Molecular mechanics; Quantum mechanics; Torsion angles 
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1. Introduction 
It has been known for many years that the substrate carbohydrate residue immediately to the 
nonreducing side of the scissile glycosidic bond (in enzyme subsite −1) is distorted during the 
cleavage reaction catalyzed by many glycoside hydrolases (GHs).1  Evidence of ring 
conformations of higher intramolecular energy than for the optimal 4C1 shape has become 
overwhelming in recent years as crystal structures of GH–ligand complexes have been solved.2,3 
A second distortion, that of the torsion angles for the two bonds connected to the glycosidic 
oxygen atom, has been discussed much less.  One article was devoted to twisting distortions for 
all linkages in oligo- and polysaccharides bound by proteins.4  Most linkages had low-energy 
conformations, but some scissile linkages corresponded to high energies.  Distortion of substrate 
torsion angles by GHs was also mentioned by Fujimoto et al.5  
Several different cleavage functions could be enhanced by twisting glycosidic bonds.  
Distortion of the scissile bond can improve access of catalytic amino acid residues to the 
glycosidic oxygen atom and the C1′ atom of the nonreducing-side carbohydrate residue.  
Changes in the electronic structure resulting from torsional changes could enhance reactivity.6  
Also, an increase of EIntra, the intramolecular energy above that for the lowest-energy 
conformation of the scissile bond torsion angles, could reduce the energy barrier to cleavage, 
although strain was ruled out as the major contribution toward lowering the reaction barrier.  
Electrostatic interactions are proposed to have a more important role.7  
There is now a sufficient number of GH crystal structures with carbohydrates bound in active 
sites to address the question of the effect of GH–ligand binding on scissile bond geometry.  Our 
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approach was to plot the available data for different α- and β-glycosidic linkages involving 
nitrogen, oxygen, and sulfur [NOS] on maps of EIntra values.  Thus, we have plotted experimental 
values of φ (O5′–C1′–[NOS]4–C4) and ψ (C1′–[NOS]4–C4–C5) (Fig. 1) on energy surfaces that 
are based on hybrid Quantum Mechanics::Molecular Mechanics (QM::MM) computations in an 
attempt to gain new insights on this question. 
2. Glycoside hydrolase families and mechanisms 
GHs have been classified into >100 families based on similarities in their primary structures.8  
Tertiary structures, i.e., the overall arrangement of helices, strands, and loops, are expected to be 
quite similar within individual families.  Crystal structures are known for enzymes with a ligand 
bound in subsites −1 and +1 that belong to fourteen families that cleave either α-1,4 or β-1,4 
glycosidic bonds.  These subsites contain the glycosyl residues to the immediate nonreducing 
and reducing sides, the glycon and aglycon, respectively, of the scissile glycosidic bond (Table 1 
and supplementary data).  Members of five families hydrolyze α-glycosidic bonds, while 
members of the other nine cleave β-glycosidic bonds. 
Occasionally, different GH families appear to be distantly related to each other by having 
similar tertiary structures and mechanisms, and therefore they are grouped into clans.8  Among 
the families listed in Table 1, GH Families 2 and 5 (GH2 and GH5) are part of Clan GH-A, while 
GH13 and GH77 belong to Clan GH-H.  Other families in Table 1 are either the only 
representatives of their clans with known tertiary structures containing glucosyl or acarbose-
derived carbohydrate ligands in subsites −1 and +1, or they have not been classified into clans. 
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GHs hydrolyze glycosidic bonds by two general mechanisms,9 with some exceptions.  In the 
inverting mechanism, a carboxyl group on an amino acid side-chain donates a proton to the 
scissile glycosidic oxygen atom.  Meanwhile, the oxygen atom of a water molecule coordinated 
by a dissociated carboxyl group on a second amino acid side-chain forms a partial bond with the 
C1′ atom of the carbohydrate ring in subsite −1.  The complex proceeds through the transition 
state with the bond between O5′ and C1′ atoms assuming partial double bond character.  That 
causes the C5′–O5′–C1′–C2′ atoms to form a plane.  Finally, the glycosidic bond is broken and a 
hydroxyl group from the coordinated water molecule replaces it, inverting the configuration of 
the carbohydrate residue.  The remaining proton from the water molecule is accepted by the 
dissociated carboxyl group. 
In the retaining mechanism, the protonated carboxyl group donates a proton to the glycosidic 
oxygen atom, and the dissociated carboxyl group forms a covalent bond with the C1′ atom.  The 
bond between the C1′ atom and the glycosidic oxygen atom is broken and a hydroxyl group from 
the water molecule hydrates the C1′ atom, breaking the covalent bond with the carboxyl group.  
This double-displacement reaction retains the anomeric configuration of the glycon.  Of the 
families listed in Table 1, five have inverting mechanisms and nine have retaining mechanisms. 
The protonated carboxyl group is usually positioned laterally on either side of the O4 atom 
(the glycosidic oxygen atom).  The different positions of the proton donor are labeled as syn or 
anti.10  Syn proton donors are on the same side as the O5′ atom (the glycon ring oxygen atom), 
while anti proton donors are on the opposite side (Fig. 2). 
3. Methods 
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3.1 Gathering data on individual structures 
Crystal structures of GHs with ligands spanning subsites −1 and +1 (the cleavage site) were 
gathered through the CAZy database.8 They were visualized with PyMOL,11 and their φ and ψ 
values were determined.  Publications associated with the crystal structures were consulted to 
confirm ligand placement in the active site and glycon conformation.  When more than one 
catalytic domain occurred in the crystal structure, the torsion angles of their bound ligands were 
averaged. 
The 68 GH structures (supplementary data) with ligands having α- or β-(1,4) glycosidic 
bonds over the enzyme cleavage site and with glucosyl or acarbose-derived residues in subsite 
−1 were investigated further.  Residues in subsite +1 were not so restricted, and all mutated 
enzyme forms were considered equally. 
As mentioned earlier, many GHs, especially those acting on β-glycosidic bonds, preactivate 
the substrate for catalysis by distorting the sugar ring bearing the scissile bond away from the 
most stable 4C1 form.2,3,12,13 Crystal structures of GH–ligand complexes show several different 
glycon conformations (Table 1).  Many nonoptimal ligand ring conformations are maintained by 
being part of putative transition-state analogs such as acarbose, a potent inhibitor of amylases 
and other enzymes that hydrolyze the α-(1,4) glycosidic bonds of starch and its partial 
hydrolyzates.  The nonreducing-end ring of acarbose is a 2H3 conformer maintained by a double 
bond between its C5′ and C7′ atoms, the latter replacing the O5′ atom normally found in 
pyranosyl rings.  In addition, a protonated nitrogen atom replaces the glycosidic oxygen atom 
and a methyl group replaces the methanol group at the C5 atom of the residue to the reducing 
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side of the scissile bond.  Often, GHs incubated with acarbose retain sufficient activity to 
rearrange it into various derivatives consisting of acarviosinose (the two non-glucosyl residues of 
acarbose) (Fig. 1) and different numbers of glucosyl residues to either side of this fragment. 
Most 1,4-glucosyl-acting GHs with known tertiary structures bind six types of ligands (Fig. 
1), leading to construction of eight hybrid QM::MM maps of EIntra at various φ/ψ values of the 
bound ligands: 1) a map for α-maltose (Fig. 3, with energies taken from Johnson, et al.14) for 
GH13, GH14, and GH77 enzymes that bind ligands with α-(1,4) scissile bonds and glycon 4C1 
conformers; 2) three maps of the R-, S-, and positively-charged forms of methyl α-acarviosinide 
(Fig. 4) for GH13, GH15, and GH57 members that bind ligands with α-(1,4) scissile bonds and 
glycon 2H3 conformers; 3) a map of β-4C1-cellobiose (Fig. 5) for GH2, GH5, GH6, and GH7 
enzymes that bind ligands with β-(1,4) scissile bonds and glycon 4C1 conformers; 4) a map of β-
thiocellobiose (Fig. 6) for GH3, GH5, and GH6 members that bind ligands with β-(1,4) scissile 
bonds and glycon 4C1 conformers linked by a sulfur atom; 5) a map of β-1S3-cellobiose (Fig. 7) 
for GH9, GH12 and GH44 enzymes that bind ligands with β-(1,4) scissile bonds and glycon 1S3 
conformers; and 6) a map of β-2SO-cellobiose (Fig. 8) for a GH8 member that binds ligands with 
β-(1,4) scissile bonds and glycon 2SO conformers. 
3.2 Energy determination 
A detailed description of the non-integral hybrid QM::MM method is provided elsewhere.15  
This method, when used with an elevated dielectric constant, has successfully predicted the 
conformations of numerous disaccharide linkages in small-molecule crystal structures, typically 
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finding a majority within the 1 kcal/mol contour,14,16,17 and with no distortions greater than 4 
kcal/mol.15  Furthermore, the distribution of energies follows a Boltzmann-like exponential 
decay curve, indicating that the method is predictive for condensed-phase systems.18  The 
elevated dielectric constant diminishes by 80% the otherwise dominating influence of 
intramolecular hydrogen bonds without the need to explicitly consider neighboring molecules.  
These hybrid maps are constructed from three different φ/ψ surfaces with energies calculated at 
20° intervals of φ and ψ: 
1. A QM relative energy map to describe the core part of the molecule that includes the 
sugar rings and glycosidic linkage (the analog).  For α-maltose and β-4C1-cellobiose, 
the analog consists of a tetrahydropyran (THP) dimer.  For the methyl α-acarviosinide, 
β-thiocellobiose, β-1S3-cellobiose, and β-2SO-cellobiose maps, the hydroxyl groups of 
the full disaccharide were replaced by hydrogen atoms, giving a dimer of methyl THP 
(methyl cyclohexene and methyl THP for the methyl α-acarviosinide analog). 
2. An MM relative energy map of the analog molecule as above. 
3. An MM relative energy map of the full disaccharide to account for the interaction 
energy of the hydroxyl groups. 
The hybrid map is constructed from the above relative energy maps by subtracting the MM 
analog map from the MM full disaccharide map and adding in the QM analog map.  This 
effectively replaces the MM energy contribution from the core of the molecule with that of QM 
calculations.  The non-integral hybrid method was advantageous in the present work because 
parameters for the MM force field were not fully developed for the thiocellobiose and methyl α-
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acarviosinide molecules. 
3.2.1 QM analog maps 
The QM analog maps were constructed from QM calculations using GAMESS19 or Jaguar 
version 7.020 software.  The QM calculations, except for those for the β-4C1-cellobiose analog, 
were done at the HF/6-31G* level of theory.  β-4C1-cellobiose analog calculations used 
B3LYP/6-311++G** theory, based on structures optimized at the B3LYP/6-31G* level.  
Constraints were used to maintain φ and ψ at each increment. 
Additional steps were needed for some of the analog computations.  For the β-1S3- and β-2SO-
cellobiose analog calculations, three extra torsion constraints were placed on the non-reducing 
ring to maintain the desired conformation.  Also, some of the β-1S3- and β-2SO-cellobiose analogs 
in high-energy regions of φ/ψ space required a constraint on the glycosidic angle to achieve 
convergence of the minimization.  The values of those constrained angles were derived from the 
comparable MM calculation.  Finally, some of the β-1S3- and β-2SO-cellobiose analog 
calculations required constraints on the reducing ring to maintain its 4C1 conformation. 
The other QM analog calculations that needed special handling were those for the methyl α-
acarviosinide analog, specifically the R and S chiral configurations of the neutral molecules.  The 
single hydrogen atom and the corresponding lone pair attached to the linkage nitrogen of the 
neutral molecules make the linkage nitrogen a chiral atom.  However, a constraint was needed on 
the hydrogen atom to ensure sampling of both chiral configurations.  This was accomplished by 
using the harmonic constraint capability of Jaguar and an improper dihedral angle as a proxy for 
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the chirality.  A harmonic constraint was placed on the C4–C1′–N4–H improper dihedral angle 
of the molecules with R and S chiral configurations.  The value of the constraint was −135° for 
the R configuration and +135° for the S configuration with a well half-width of 40°.  Thus, the 
value of the improper dihedral was constrained to the value of the target ±40°.  The force 
constant of the constraint was 10 kcal mol−1, which sufficed for most of the calculations at the 
respective φ/ψ points.  In some cases, the constraint was not strong enough and the improper 
dihedral would reverse sign (and chirality) by crossing the ±180° value.  In these cases, a 
progressively higher constraint force constant was used until the constraint was held in the 
appropriate well or, in rare cases, the computation was aborted. 
3.2.2 MM analog maps 
The MM analog maps were constructed with the MM3(96) program.21  The dielectric 
constant was set to 1.5, the value used when parameterizing MM3 and recommended for isolated 
molecules.  Variation of the dielectric constant has little effect on the analog maps but was 
chosen none-the-less for maximum compatibility with the QM calculations.  As done during the 
QM calculations, the φ and ψ values were held to their appropriate values via torsion constraints 
in the MM3 dihedral driver routines. Also like the QM analog calculations, some of the 
molecular systems required special handling. For the β-1S3- and β-2SO-cellobiose analog 
calculations, three extra torsion constraints were placed on the non-reducing ring to maintain it in 
the desired conformation.  However, unlike the QM calculations, no additional constraints were 
needed on either the glycosidic angle or the reducing ring.  Since MM3 does not support 
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constraining improper dihedral angles and does not have harmonic constraint capability, a 
different technique was needed to constrain the hydrogen atom on the linkage nitrogen of methyl 
α-acarviosinide to insure complete sampling of the chiral configurations. 
In lieu of using an improper torsion constraint, a constraint was placed on the ψH torsion 
angle (C5–C4–N4–H).  Since this hydrogen atom is also the terminal atom of the improper 
torsion angle (C4–C1′–N4–H), there is a direct relationship between these proper and improper 
torsion angles.  Since the improper torsion angle can assume a range of values, depending on the 
values of φ and ψ, it is necessary to scan a range of the related ψH torsion angle.  To do this, a set 
of values ranging from 120°–240° in 5° increments was subtracted from the ψH torsion angle 
after ψ was set.  The terminal hydrogen atom attached to the nitrogen atom of the ψH torsion 
angle was set in a way that only the terminal hydrogen atom was moved.  This effectively put the 
improper torsion angle in the range of −120° to +120°, including ±180°, thus sampling the entire 
chiral range.  However, since a chiral assignment can not be made on the ±180° configurations, 
those were not included on the maps.  This range was not as broad as that of the QM harmonic 
constraint.  However, the QM data showed that the effective limits of the improper torsion were 
−120° to −175° and 120° to 175° for R and S chirality, respectively.  Each of the resulting ψH 
conformations was used to calculate the data points at each required φ/ψ value.  The lowest 
energy conformation at each chiral configuration for each φ/ψ point was then used for the 
respective MM3 analog maps. 
3.2.3 MM disaccharide maps 
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The MM disaccharide maps were constructed from calculations with MM3(96), except the 
hydrogen bonding parameters were from the MM3(92) version of the force field and the 
dielectric constant was set to 7.5.  For the chiral methyl α-acarviosinide maps, the ψH constraint 
used at each φ/ψ point of the disaccharide map was that of the respective MM analog map at the 
equivalent φ/ψ point.  A set of starting conformations was generated, based on variations of the 
exo-cyclic group orientations, and each resulting conformation was considered at each φ/ψ point 
of the map.  The lowest energy conformation at each φ/ψ point was used for the respective maps. 
Energies for the α-maltose map4 were based on a set of 58 conformations as described in 
previous work.22  A total of 2187 conformations for the methyl α-acarviosinide molecules were 
generated by 
1. Setting the O5–C1–O1–CH3 torsion angle to 60°. 
2. Systematically rotating the remaining 7 rotatable exo-cyclic groups to values of 
−60°, 180°, and 60°. 
Cellobiose and thiocellobiose molecules possess more exo-cyclic groups than methyl α-
acarviosinide, so a conformational search procedure was employed for them.  An outline of the 
procedure follows: 
1. A structure was either obtained from crystal coordinates or sketched with 
Maestro20 and minimized with MacroModel version 9.520 using the OPLS-200523 
force field. 
2. A Monte Carlo multiple minimum conformational search protocol was set up as 
follows:  
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a. All torsion angles, except those of the pyranosyl rings, were set as search 
variables. 
b. The rings were constrained with three alternating torsion constraints to hold 
the appropriate ring shape during minimization.  The constraints for the 1S3 
and 2SO rings had force constants of 1000 kJ/mol, while the 4C1 rings had a 
softer force constant of 100 kJ/mol. 
c. 30,000 Monte Carlo steps were performed. 
d. The number of variables altered in each step was 2–4. 
e. The energy window (energy above global minimum at the time) for 
acceptance of a conformer was 50 kJ/mol (≈ 12 kcal/mol). 
f. The least used structures were used as starting geometries for subsequent 
Monte Carlo steps. 
g. The similarity criteria included distance checks of atoms as well as torsion 
angle differences involving polar hydrogen atoms. The distance threshold was 
0.25 Å and the torsion threshold was set to 60°. 
h. The structures generated at each Monte Carlo step that passed initial checks 
were minimized with OPLS-2005 for up to 5000 steps. 
3. Step 2 was performed ten times, for a total of 300,000 Monte Carlo steps. This 
seemed to be sufficient to approach convergence of the search. 
4. Each member of the resulting conformation set was transformed as follows: 
a. The glycosidic angle was set to 150°.18 
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b. The φ and ψ torsion angles were set to those of the global minimum of the set. 
5. A redundant conformer elimination procedure was performed. This used heavy 
atoms and polar hydrogen atoms for testing the maximal distance threshold of 0.25 
Å between conformations. This eliminates redundant conformations after 
normalizing the linkage variables in step 4 above. 
The numbers of conformations generated for β-cellobiose and β-thiocellobiose molecules with 
the above procedure were: 
• β-4C1-cellobiose: 1863 
• β-1S3-cellobiose: 2871 
• β-2SO-cellobiose: 3485 
• β-thiocellobiose: 2277 
These numbers of starting structures are far greater than in any of our previous calculations. 
4. Results and discussion 
4.1 Energy contour maps 
Eight φ/ψ energy contour maps were computed using the hybrid QM::MM technique to 
measure the strain on the glycosidic bond upon twisting.  Torsion angles obtained from Protein 
Data Bank crystal structures of GHs with bound ligands spanning the cleavage site were plotted 
on the corresponding φ/ψ energy contour maps to gain insight into the glycosidic bond distortion 
that occurs upon binding by the enzyme’s active site. 
For α-1,4 glycosidic bonds we constructed an α-maltose and three methyl α-acarviosinide 
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energy contour maps (Figs. 3,4).  Maltose oligomers are the natural substrates of members of 
several GH families, while methyl α-acarviosinide is a powerful inhibitor of maltose- and starch-
degrading enzymes.24  The glycosidic nitrogen atom of methyl α-acarviosinide, when singly 
protonated, may have either the R or the S chiral configuration.  It can also be doubly protonated, 
making the molecule positively charged.  X-ray crystal structure studies of proteins are not 
usually able to provide hydrogen atom positions, so the protonation state of methyl α-
acarviosinide could not be determined.  Therefore, we plotted methyl α-acarviosinide torsion 
angle measurements on all three maps (methyl α-R-acarviosinide, methyl α-S-acarviosinide, and 
methyl α-acarviosinide-H+). 
Similarly, for β-1,4 glycosidic bonds we constructed maps of β-cellobiose and β-
thiocellobiose with 4C1 glycon conformations (Figs. 5,6).  As mentioned above, many cellulases 
(as well as other GHs) distort the glycon away from the most stable 4C1 conformation.  The most 
common distortion observed in cellulase crystal structures is to a 1S3 (or nearby) conformation 
(Fig. 7).  The 2SO (or nearby) conformation has been found in some inverting cellulases (Fig. 8). 
4.1.1 α-1,4 Glycosidic bonds 
The α-maltose energy contour map has a global minimum near φ = 100°, ψ = −140° (Fig. 3).  
The three methyl α-acarviosinide maps (methyl α-R-acarviosinide, methyl α-S-acarviosinide, 
and methyl α-acarviosinide-H+) are qualitatively very similar to each other, the main difference 
among them being the position of their global minima (Fig. 4).  The methyl α-S-acarviosinide 
and methyl α-acarviosinide-H+ maps have global minima near φ = 70°, ψ = −140°, while that in 
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the methyl α-R-acarviosinide map is near φ = 130°, ψ = −90°.  The global minimum regions are 
smaller in all three methyl α-acarviosinide maps than in the α-maltose map, but a second low-
energy region is present in all of the former.  All four maps have low-energy valleys running 
along 50° < φ < 140°, with less deep ones in the range of −180° < ψ < −100°.  The methyl R- and 
S-α-acarviosinide maps are generally similar to the previously published MM3 map that 
combined the energies for both forms, but the maps for the protonated form have some important 
differences.25 Those MM3 maps were based on a much smaller number of starting geometries as 
well as a lower dielectric constant.  The pure MM3 map for the protonated form has a global 
minimum at φ = 67° and ψ = 42° (after converting from φH and ψH), whereas the global 
minimum on the hybrid map is near φ = 70°, ψ = −140°.  Although each global minimum 
corresponds to a secondary minimum on the previous map, a very low-energy minimum on the 
hybrid map has no close counterpart on the published pure MM3 map.  The observed crystal 
structure conformations are clustered around the global minimum on the hybrid map. 
4.1.2 β-1,4 Glycosidic bonds 
The β-4C1-cellobiose map has two low-energy valleys (Fig. 5).   The first one runs along 
−130° < φ < −50°, while the second one runs along −160° < ψ < −80°.  The global minimum is 
near φ = −60°, ψ = −120°.  Energy calculations on this new map differ from those on previous 
QM::MM3 cellobiose maps4,16,17 in that the number of starting geometries was greatly expanded 
and a dielectric constant of 7.5 was employed instead of 3.5 as in Refs. 16 and 17.  Still, the 
features of these maps are quite similar. 
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The β-thiocellobiose map is similar to the β-4C1-cellobiose map, having the same valleys 
running along φ and ψ (Fig. 6).  However, the β-thiocellobiose map has two widely-separated 
minima of almost the same EIntra value.  The first one lies near φ < −60°, ψ < −120°, as in the β-
4C1-cellobiose map, while the second one is near φ < −70°, ψ < −290°. 
Distortion of the glycon ring significantly reduces the allowed (low-energy) φ/ψ regions.  
The difference is most noticeable in the β-1S3-cellobiose energy contour map, where the low-
energy region is contained only within −190° < φ < −70°, −200° < ψ < −60° (Fig. 7).  The global 
minimum in the β-1S3-cellobiose map is shifted 40° down in both φ and ψ directions compared to 
the β-4C1-cellobiose map, and the energy in other regions is much higher than that in the β-4C1-
cellobiose map, with energy values >40 kcal/mol above the global minimum at the 
mountaintops.  The main reason for the high energy values in the β-1S3-cellobiose map is the 
steric clash between the bulky C6-OH hydroxyl groups of both sugar rings, which occurs more 
often with the 1S3 disaccharide because the aglycon ring is more axial to the glycon. 
In the β-2SO conformation the aglycon is pseudo-axial to the glycon.  This causes C6-OH 
clashes in β-2SO-cellobiose to be less frequent than in β-1S3-cellobiose, and the energy range 
from global minimum to mountaintop is not as pronounced in β-2SO-cellobiose as in β-1S3-
cellobiose (Fig. 8).  The global minima in the β-2SO- and the β-4C1-cellobiose maps are in very 
similar positions (contained within −100° < φ < −50° and −180° < ψ < −100°). 
4.2 Ligand intramolecular energies and torsion angles 
Values of φ and ψ from crystal structures are plotted on Figs. 3–8.  GHs in different families 
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that cleave α- or β-1,4 bonds twist these bonds to different values of φ and ψ, corresponding to 
different EIntra values.  Table 2 shows the average EIntra value for each GH family.  Values of EIntra 
shown in parentheses in Table 2 are of crystal structures of wild-type GHs or of those having 
slight mutations (e.g. Glu to Gln) binding the natural substrate.  Interestingly, those enzymes 
with more radical mutations bind ligands with the same or lower EIntra values than the average 
EIntra of the family, suggesting that these mutations interfere with the enzyme’s ability to twist 
glycosidic bonds optimally for reaction.  
GHs that contain a proton donor in the anti position twist the scissile bond in the opposite 
direction (with respect to the lowest energy point on the map) than GHs with a syn-positioned 
proton donor.  In GHs that break α-1,4−glycosidic bonds, the data point to a preference for 
ligands bound to GHs with an anti-positioned proton donor that lies to the left (lower φ values) 
of the minimum (Figs. 3,4).  Ligands bound to GHs with a syn-positioned proton donor lie to the 
right (higher φ values) of the minimum.  For GHs that break β-1,4 glycosidic bonds, the opposite 
is true.  Data for GHs with anti-positioned proton donors are located to the right of the lowest 
energy point on the maps, while the left side of the minimum is populated by data from GHs 
containing a syn-positioned proton donor.  This suggests that twisting of the glycosidic bond is 
necessary for the correct orientation of one of the glycosidic oxygen lone pairs toward the proton 
donor.  The only exceptions are the three GH13 outliers with a mutated proton donor (see below) 
in the α-maltose map, one point in the methyl α-acarviosinide map for a GH57 member, a GH2 
member in the β-cellobiose map, and a GH44 member in the β-1S3-cellobiose map.  However, 
the latter two are very close to the global minimum. 
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The majority of GH13 members and the one GH77 member, all part of Clan H, bind ligands 
of both 4C1 (α-maltose) and 2H3 (methyl α-acarviosinide) glycon conformations with torsion 
angles of 10° < φ < 60° and −170° < ψ < −130° (Figs. 3,4).  This is consistent with the fact that 
methyl α-acarviosinide is an excellent inhibitor of maltose-degrading enzymes.  However, three 
GH13 structures have ligands with φ values from 130° to 170° and with ψ values between −110° 
and −90° (Fig. 3).  These are the only structures in which the catalytic proton donor (Glu257) has 
been mutated to alanine, which probably caused their different locations on the φ/ψ map.  A 
superimposition of GH13 members shows a significantly different sugar binding position in the 
three outliers.  Average values of EIntra for all GH13-bound maltose structures are greater than the 
values found at the global minimum by ≈ 4.3 kcal/mol (Fig. 3).  Wild-type GH13 enzymes bind 
α-maltose oligomers with higher EIntra values, an average of ≈ 6.2 kcal/mol.  For GH13 members 
twisting the methyl α-acarviosinide glycosidic bond, the average value of EIntra is ≈ 3.6 kcal/mol.  
The one GH77 member available for analysis imposes strain with an EIntra value of ≈ 1.3 
kcal/mol.	  
All four GH14 members bind ligands with glycons in the 4C1 conformation.  Their torsion 
angles are grouped on the α-maltose map far from those of GH13 and GH77 members, near φ = 
140°, ψ = −260° (Fig. 3).  GH14 members distort the glycosidic bond to EIntra values of ≈ 9.5 
kcal/mol on average, imposing the greatest scissile bond strain observed in GHs so far.  Wild-
type GH14 members distort the glycosidic bond to the slightly higher EIntra value of ≈ 9.7 
kcal/mol. 
The five GH15 members and one GH57 member bind ligands with glycons having 2H3 
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conformations, since methyl α-acarviosinide groups are found in subsites −1 and +1.  Their 
torsion angles are found around φ = 100° and ψ = −120° to −110° (Fig. 4), distant from GH13, 
GH14, and GH77 members found in Fig. 3 and GH13 members found in Fig. 4.  GH15 and 
GH57 enzymes bind methyl α-acarviosinide and twist the glycosidic bond torsions to EIntra 
values of ≈ 2.6 and ≈ 2.2 kcal/mol, respectively. 
Figs. 5–8 show the torsion angles of GHs that hydrolyze β-1,4 glycosidic bonds.  Because 
oxygen and sulfur glycosidic atoms yield substantially different valence angles and bond lengths, 
comparisons between members of the same GH family (in this case, GH5 and GH6) having 
ligands with different glycosidic atoms should be made with caution. 
On average, GHs that hydrolyze β-1,4-glycosidic bonds force their ligands to have torsion 
angles that yield lower EIntra values than those imposed by GHs that hydrolyze α-1,4-glycosidic 
bonds. 
GH5 members bind cello-oligosaccharides with an imposed average EIntra value of ≈ 2 
kcal/mol, with one of the GH5-bound ligands lying very close to the global minimum of the β-
4C1-cellobiose map and the other lying ≈ 4 kcal/mol above the minimum (Fig. 5).  There are also 
two GH5 structures that bind thiocello-oligosaccharide ligands with an average EIntra value of 
≈ 0.5 kcal/mol (Fig. 6).  For GH2, which is part of the same Clan A as GH5, there is only one 
available crystal structure for analysis, and it binds a lactose molecule.  The only difference 
between cellobiose and lactose is the configuration of the hydroxyl group attached to the glycon 
C4 atom, and their φ/ψ maps are very similar to each other.26  The available data point for GH2 
would fall near the minimum of the β-4C1-cellobiose map, at ≈ 1.2 kcal/mol (Fig. 5). 
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There are three GH6 data points, two for cello-oligosaccharide-bound complexes with an 
average EIntra value of ≈ 5.2 kcal/mol (Fig. 5) and one for a thiocello-oligosaccharide-bound 
complex with a significantly different φ value and an EIntra value of ≈ 1.8 kcal/mol (Fig. 6).  The 
last point in the β-thiocellobiose map is for a GH3-bound ligand with EIntra ≈ 2 kcal/mol.  Only 
one structure is available for GH7, and it binds a cello-oligosaccharide with EIntra ≈ 1.5 kcal/mol. 
GH12 and GH44 members bind cello-oligosaccharides with 1S3-distorted sugar rings to their 
active sites.  GH9 members twist the sugar ring in the active site to a 4E conformation, which is 
very close to the 1S3 conformation.  Therefore, we included the GH9 data point in the β-1S3-
cellobiose energy contour map (Fig. 7).  EIntra for the GH9-bound cello-oligosaccharide substrate 
is ≈ 1.5 kcal/mol above the φ/ψ minimum.  For GH12, EIntra ≈ 1.9 kcal/mol and for GH44, EIntra ≈ 
2.1 kcal/mol.  There is only one available structure to plot on the β-2SO-cellobiose energy contour 
map (Fig. 8), and it is from GH8 with EIntra of ≈ 2.5 kcal/mol compared to the 2SO-cellobiose 
minimum energy structure.  In general, the EIntra values of 1S3- or 2SO-distorted structures are not 
significantly different from the EIntra values of undistorted (4C1) structures bound to other GHs 
that break β-1,4 glycosidic bonds. 
5. Conclusions 
We have calculated hybrid QM::MM φ/ψ energy maps for α-maltose, methyl α-
acarviosinide, and β-thiocellobiose, as well as for β-cellobiose in three different ring shapes, to 
measure the strain on different glycosidic bonds upon twisting.  We have also plotted data 
obtained from protein–oligosaccharide complex crystal structures to estimate the protein-
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imposed strain on their substrates. In general, members of the same GH family twist the scissile 
bond similarly, while members of different families twist the bond to different regions on the 
energy contour maps. The GH-imposed strain ranges from 0.5 to 9.5 kcal/mol.  GHs that break 
β-1,4 glycosidic bonds and have an anti-positioned proton donor distort the scissile glycosidic 
bond to higher φ values with respect to the minimum. GHs with syn proton donors twist the bond 
to lower φ values. The opposite is true in GHs that break α-1,4 glycosidic bonds. 
Distortion of the bond is mechanistically relevant, as it helps to orient one of the lone pairs in 
the glycosidic oxygen atom toward the proton donor, assisting proton transfer. 
6. Supplementary data 
The supplementary data consist of two parts: The first part is a table leading to an Excel file 
of the data gathered from different databases on those GH crystal structures containing 
carbohydrate ligands with residues bound in subsites –1 and +1 from which glycosidic torsion 
angles could be obtained. The second part is φ/ψ maps of achiral (positively-charged) methyl α-
acarviosinide and methyl R- and S-α-acarviosinide having glycons with 3H2 conformations. 
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Table 1 
GH families containing enzymes with crystal structures of oligosaccharides bound in subsites −1 and +1 
___________________________________________________________________________________________________________ 
GH GH GH family members No. of Catalytic Ligand Ligand bond  Position of  
family clan  structures mechanism glycon configuration proton donor 
     conformation 
___________________________________________________________________________________________________________ 
 2 A β-Galactosidase 1 R 4C1 β-(1,4) anti 
 3 – β-Glucan glucohydrolase 2 R 4C1 β-(1,4) anti 
 5 A Endocellulase, EG 4 R 4C1 β-(1,4) anti 
 6 – CBH, EG 3  I 4C1, 2SO β-(1,4) syn 
 7 B CBH, EG 1 R Distorted 1,4B β-(1,4) syn 
 8 M EG 1 I 2,5B β-(1,4) anti 
 9 – CBH 1 I 4E β-(1,4) syn 
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 12 C EG 2 R 1S3 β-(1,4) syn 
 13 H CGTase, α-amylase, neopullulanase, 42  R 2H3, 4C1 α-(1,4) anti 
   glucan 1,4-α-maltohexaosidase, 
   amylosucrase, 4-α-glucanotransfer- 
   ase, maltogenic amylase 
 14 – β-Amylase 4 I 4C1 α-(1,4) syn 
 15 L Glucoamylase, glucodextranase 5  I 2H3, 2E α-(1,4) syn 
 44 – EG 1 R 1S3 β-(1,4) anti 
 57 – 4-α-Glucanotransferase 1 R 2H3 α-(1,4) anti 
 77 H 4-α-Glucanotransferase 1 R 4C1 α-(1,4) anti 
___________________________________________________________________________________________________________ 
 Abbreviations: CBH: cellobiohydrolase; CGTase: cyclomaltodextrin glucanotransferase; EG: endo-1,4-β-glucanase; GH: glycoside 
hydrolase; I: inverting; R: retaining. 
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Table 2 
Eintra values for GH families containing crystal structures of 
enzymes with oligosaccharides bound in subsites −1 and +1 
________________________________________________ 
GH family Map Average EIntra in all 
  structures, kcal/mol 
________________________________________________ 
 2 β-4C1-Cellobiose 1.2 
 3 β-Thiocellobiose 2 
 5 β-4C1-Cellobiose 2 (4) a 
 5 β-Thiocellobiose 0.5 
 6 β-4C1-Cellobiose  5.2 
 6 β-Thiocellobiose 1.8 
 7 β-4C1-Cellobiose 1.5 
 8 β-2SO-Cellobiose 2.5 (2.5) 
 9 β-1S3-Cellobiose 1.5 (1.5) 
 12 β-1S3-Cellobiose 1.9 (1.9) 
 13 α-Maltose 4.3 (6.2) 
 13 Methyl α-acarviosinide 3.6 
 14 α-Maltose 9.5 (9.7) 
 15 Methyl α-acarviosinide 2.6 
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 44 β-1S3-Cellobiose 2.1 (2.1) 
 57 Methyl α-acarviosinide 2.2 
 77 α-Maltose 1.3 (1.3) 
a Average EIntra of wild-type structures and those with slight 
mutations (e.g. Glu to Gln) 
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Figure captions 
Figure 1. Structures of molecules used to construct energy contour maps. Ring conformations 
are denoted with labels. Superscripts and subscripts denote the atoms above or below the plane 
of the ring, respectively. 
Figure 2. The different location of the proton donor in glycoside hydrolases. The proton donor is 
labeled as syn if it is on the same side of the glycon ring oxygen atom. If it is on the opposite 
side, it is labeled as anti. Dihedral twisting is different for syn (right) than for anti (left). 
Figure 3. EIntra contour map of α-maltose with its two α-glucosyl residues in 4C1 conformations, 
and with crystal-structure ligand torsion angles plotted on it. Green, GH13; yellow, GH14; 
purple, GH77. 
Figure 4. EIntra contour map of methyl α-acarviosinide with its glycon in the 2H3 conformation 
and its aglycon in the 4C1 conformation, and with crystal-structure ligand torsion angles plotted 
on it. A) methyl α-R-acarviosinide; B) methyl α-S-acarviosinide; C) methyl α-acarviosinide-H+. 
Green, GH13; cyan, GH15; red, GH57. 
Figure 5. EIntra contour map of β-cellobiose with its two β-glucosyl residues in 4C1 conformat-
ions, and with crystal-structure ligand torsion angles plotted on it. Cyan, GH2; pink, GH5; red, 
GH6; yellow, GH7. 
Figure 6. EIntra contour map of β-thiocellobiose with its two β-glucosyl residues in 4C1 confor-
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mations, and with crystal-structure ligand torsion angles plotted on it. Green, GH3; pink, GH5; 
red, GH6. 
Figure 7. EIntra contour map of β-cellobiose with its glycon and aglycon β-glucosyl residues in 
1S3 and 4C1 conformations, respectively, and with crystal-structure ligand torsion angles plotted 
on it. Cyan, GH9; red, GH12; green, GH44. 
Figure 8. EIntra contour map of β-cellobiose with its glycon and aglycon β-glucosyl residues in 
2SO and 4C1 conformations, respectively, and with crystal-structure ligand torsion angles plotted 
on it. Green: GH8. 
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Supplementary Data 
Twisting of glycosidic bonds by hydrolases 
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